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Abstract
The increasing interest in the phenomenology of the Standard Model Effective Field Theory
(SMEFT), has led to the development of a wide spectrum of public codes which implement
automatically different aspects of the SMEFT for phenomenological applications. In order to
discuss the present and future of such efforts, the “SMEFT-Tools 2019” Workshop was held at
the IPPP Durham on the 12th-14th June 2019. Here we collect and summarize the contents
of this workshop.
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1 Introduction
Testing the Standard Model (SM) and searching for New Physics (NP) are among the main
priorities in High-Energy Physics. Whether or not new particles are directly produced at the
LHC, indirect searches will remain crucially important to test the SM and to characterize
possible NP patterns. Indirect searches, defined as searches for far-off-shell effects from new
degrees of freedom, are best framed in the context of Effective Field Theories (EFTs). Con-
straints from direct searches indicate that these new degrees of freedom, if present, appear at
scales much above the Electroweak (EW) scale. Therefore, the relevant EFT for the study of
beyond-the-SM (BSM) physics at the EW scale is the Standard Model Effective Field The-
ory (SMEFT) [1, 2]. For observables at lower energies, such as hadron and lepton decays,
other EFTs must be constructed where particles with weak-scale masses have been integrated
out [3–5]. The EFT below the EW scale has been called the Weak Effective Theory (WET)
or the Low Energy EFT (LEFT).
Thus, the bulk of any phenomenological analysis of heavy BSM physics at low energies
involves a series of steps of matching and renormalization-group evolution, followed by the
calculation of low-energy observables. Since such a procedure is tedious in practice, consider-
able effort is being devoted to developing public software designed to perform these tasks in
an automatic and generic manner. Some of the available codes are:
• Construction of EFT Bases: DEFT [6], BasisGen [7], abc-eft [8] .
• Feynman Rules for the SMEFT: SmeftFR [9].
• Matching calculators: MatchingTools [10], Matchmaker [11], CoDEx [12]
• Generic Matching+Running codes: DsixTools [13], wilson [14].
• Fitters: SMEFiT [15], smelli [16].
• Observables and Montecarlo enablers: EOS [17], flavio [18], SMEFTsim [19].
In this context, the 1st Workshop on Tools for Low-Energy SMEFT Phenomenology,
SMEFT-Tools 2019:
https://indico.cern.ch/event/787665/
was held at IPPP Durham from 12-14th June 2019 with the purpose of discussing the status
and future prospects of computing tools designed for phenomenological analyses of the SMEFT
and the WET/LEFT. This report summarizes the contents of the workshop, complementing
the slides available on the web. We believe that collecting brief descriptions of most of the
currently available tools in this single document is going to be useful for the community.
2
2 BasisGen: counting EFT operators
Speaker: Juan Carlos Criado
University of Granada
BasisGen is a Python package that generates bases of operators for EFTs. An EFT is specified
by giving its symmetries and field content. The package takes this information and produces
a list of all possible forms for the invariant operators in the theory, together with the number
independent operators of each form. It uses well-known methods in representation theory [20],
based on roots and weights, which allow for general and fast calculations1. To deal with
integration by parts redundancy, an adaptation of the method in ref. [24] is used.
BasisGen works with any internal symmetry group of the form G × U(1)N , where G is
a semisimple Lie group. For simplicity, it assumes 4-dimensional Lorentz invariance. The
fields can be in any irreducible representation of both the internal symmetry group and the
Lorentz group. BasisGen generates complete sets of independent operators, taking into ac-
count group-theory identities and integration by parts. Optionally, redundancies arising from
field redefinitions [25–27] can be eliminated. For the purpose of generating a basis, this is the
same as using the equations of motion to remove operators [28–30].
A module containing the definition of the SMEFT is included in the package. It can be
used to obtain bases of this theory with operators of arbitrary maximum dimension2, but also
as a starting point for defining new theories with extra fields or symmetries. Generating a
dimension-6 basis takes only a few seconds in a modern laptop3.
Other features of BasisGen include:
• An interface to its representation-theory functionalities, allowing the user to obtain the
weight system of any irreducible representation, compute tensor products, and decom-
pose reducible representations.
• The possibility of generating all (not necessarily invariant) operators, decomposing their
representations into irreducible ones. This gives all the possible representations of new
fields that couple linearly to the fields in the EFT. Such new fields are often the most
relevant for phenomenology [31].
A description of the implementation and interface of BasisGen can be found in ref. [7].
1Other methods include: the Hilbert series [21–24], which is similar to BasisGen’s approach in generality,
organization of the calculation and the structure the results; and the code DEFT [6], which takes a completely
different approach.
2The output of BasisGen for this case has been checked using the results in ref. [24].
33 seconds in a 2.6 GHz Intel Core i5.
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Its code can be downloaded from the GitHub repository https://github.com/jccriado/
basisgen. It requires Python version 3.5 or higher. It can be installed using pip by running:
> pip install basisgen
As an example of use, we consider here an EFT with symmetry group SU(2) × U(1),
whose field content consists of a complex scalar doublet φ with hypercharge 1/2. To import
the necessary parts of the package, once it is installed, one can do
from basisgen import Field, EFT, scalar, irrep, algebra
The EFT is defined by
phi = Field(
name='phi',
lorentz_irrep=scalar,
internal_irrep=irrep('SU2', '1'),
charges=[1/2]
)
my_eft = EFT(algebra('SU2'), [phi, phi.conjugate])
Now, the following code can be used to compute a basis of operators with maximum dimen-
sion 8:
invariants = my_eft.invariants(max_dimension=8)
print(invariants)
print("Total:", invariants.count())
The output is:
phi phi*: 1
(phi)^2 (phi*)^2: 1
(phi)^2 (phi*)^2 D^2: 2
(phi)^2 (phi*)^2 D^4: 3
(phi)^3 (phi*)^3: 1
(phi)^3 (phi*)^3 D^2: 2
(phi)^4 (phi*)^4: 1
Total: 11
At the beginning of each line, a possible field content for an operator is given. This is the
number of derivatives and fields of each type that the operator may contain. The positive
integer after the colon is the number of independent invariant operators that can be constructed
out of the corresponding field content.
4
3 Automatic Basis Change for Effective Field Theories
Speaker: Peter Stangl
LAPTh Annecy
When working with an effective field theory (EFT), it is advisable to use a complete operator
basis.4 Field redefinitions and field relations like equations of motion (EOM) or Fierz identities
relate different operators to each other and thus can be used to change the basis. This is e.g.
necessary if a matching or loop computation yields operators that are not contained in the
desired basis. Also combining results from analyses performed in different bases or employing
renormalization group equations that have only been determined in one specific basis might
require a basis change. While the translation of a small set of operators to a specific basis can
be carried out by hand, a full basis change in an EFT that contains hundreds or thousands of
operators certainly calls for some automation. Several codes have been developed to address
this problem [6, 14, 33]. However, none of the currently available codes is able to perform
basis changes of arbitrary bases with the full fermion flavour structure.5 To close this gap,
the new code abc eft (Automatic Basis Change for Effective Field Theories) is currently in
development.
The strategy used in abc eft to perform automatic basis changes in a given EFT is as
follows:
• A redundant set of nj possible operators Oj is generated.
• Various linear transformations (Fierz identities, EOMs, integration by part identities,
etc.) are applied to each operator. All these transformations constitute a matrix Mij of
linear dependencies,
Mij Oj = 0. (1)
• To improve the efficiency of applying numerical matrix algorithms, one can make use of
the fact that not all operators are related to each other and therefore M can be turned
into a block-diagonal matrix M˜ = M P T . P is a permutation matrix that permutes the
operators in the vector O in such a way that operators related to each other are grouped
together, forming the vector O˜ = P O. Due to the block-diagonality of M˜ , the linear
dependencies can be decomposed as
M
(k)
lm O
(k)
m = 0, k ∈ [1, nk], (2)
4For a discussion of problems that can arise in ad-hoc phenomenological Lagrangians that do not form a
complete basis, see e.g. [32].
5wilson [14] is able to perform basis changes with the full fermion flavour structure but only for some
predefined bases; DEFT [6] can perform basis changes of arbitrary bases but only for a single fermion flavour.
5
where M (k) are the nk blocks in M˜ and each O
(k) contains only operators related to each
other. Applying numerical algorithms to the matrices M (k) is much more efficient than
applying them to the commonly very large matrix M .
• Each of the independent relations in M (k) can be used to eliminate one of the n(k)m
operators O
(k)
m such that the number n
(k)
b of basis operators and the number n
(k)
b¯
of
non-basis operators among the O
(k)
m are given by
n
(k)
b = n
(k)
m − n(k)b¯ , n
(k)
b¯
= rank
(
M (k)
)
. (3)
After choosing n
(k)
b basis operators, the operators O
(k)
m can be permuted such that Eq.
(2) can be written as
(
M
(k)
lb M
(k)
lb¯
)O(k)b
O
(k)
b¯
 = 0, b ∈ [1, n(k)b ], b¯ ∈ [n(k)b + 1, n(k)m ], (4)
where O
(k)
b and O
(k)
b¯
contain only basis operators and non-basis operators, respectively.
• The matrices M (k)lb and M (k)lb¯ are generally rank deficient. A numerical QR decomposition
with column pivoting can be used to obtain a permutation matrix Plr that is constructed
in such a way that the matrix
Mˆ
(k)
rb¯
= P Trl M
(k)
lb¯
, r ∈
[
1, n
(k)
b¯
]
(5)
is a square matrix with full rank (see e.g. [34]). Multiplying Eq. (4) from the left by P Trl
yields (
Mˆ
(k)
rb Mˆ
(k)
rb¯
)O(k)b
O
(k)
b¯
 = 0, r ∈ [1, n(k)
b¯
]
, (6)
which contains only independent relations.
• Multiplying Eq. (6) from the left by (Mˆ (k))−1
b¯r
results in
(
−T (k)
b¯b
1
)O(k)b
O
(k)
b¯
 = 0, T (k)
b¯b
= −(Mˆ (k))−1
b¯r
Mˆ
(k)
rb , (7)
where the minus sign in the definition of T
(k)
b¯b
is introduced for convenience. The matrix
T
(k)
b¯b
can be used to perform the basis change by expressing any non-basis operator in
terms of basis operators,
O
(k)
b¯
= T
(k)
b¯b
O
(k)
b . (8)
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An early version of abc eft was originally developed for transforming four-fermion oper-
ators and was used in the numerical analysis of [35]. It is capable of
• Generating four-fermion operators for an EFT with
– an arbitrary symmetry group,
– an arbitrary fermion content in (anti)fundamental and singlet representations of
the gauge group factors,
– the full flavour structure for an arbitrary number of generations.
• Relating operators to each other by
– Fierz identities (including Schouten identities for spinors and identities involving
σµν ⊗ σµν),
– completeness relations of group generators (e.g. the so-called “colour Fierz”) and
Schouten identities for SU(2).
• Selecting a basis by general requirements, e.g.
– group index contraction inside bilinears (which can be used e.g. to exclude quark-
lepton bilinears),
– as few tensor operators as possible,
– as few operators containing group generators as possible.
The current development aims at generalizing the early version of the code by adding
support for operators involving gauge bosons as well as scalars in (anti)fundamental and
singlet representations of the gauge group factors. In the course of this generalization, also
many new relations between operators like EOMs and integration by parts identities will be
added. Furthermore, interfaces to other codes are envisaged, e.g. a generator of WCxf [36]
basis files and the possibility to export basis translators to wilson [14].
The source code of abc eft will be provided in a public repository at https://github.
com/abc-eft/abc_eft.
7
4 Basis construction and translation with DEFT
Speaker: Dave Sutherland
UC Santa Barbara
DEFT6 takes as input a set of fields and their irreps under a set of SU(N)-like symmetries.
In principle, it can output: a list of all possible operators, to a given order; a list of the
redundancies between them; an arbitrary operator basis, and a matrix to convert into and
between arbitrary operator bases.
4.1 Representation of symmetries
In DEFT, the transformation of a given field under an SU(N) symmetry is encoded in terms of
(anti-)symmetric and traceless combinations of upper and lower fundamental indices. Denoting
such indices by latin letters a, b, . . . = 1, . . . , N , the defining N irrep is written as a single upper
index φa, the N¯ as a single lower index φa, the adjoint N
2 − 1 as an upper and lower index
in a traceless comination φab , φ
a
bδ
b
a = 0, and so forth. Conjugation either raises or lowers each
index, e.g.,
φa
h.c.↔ φ†a . (9)
There are only three invariant tensors comprising upper and lower fundamental indices: the
Kronecker delta, and the upper and lower N -index Levi-Civita epsilon tensors
δab ; ab...z; 
ab...z. (10)
U(1) symmetries are encoded by a charge assigned to each field. Both SU(N) and U(1)
symmetries can be gauged, meaning that covariant derivatives of the field are understood to
contain the corresponding vector potential.
The irreps of the Lorentz group are treated as the irreps of two SU(2) groups (i.e. the
canonical dotted and undotted Greek indices), with the understanding that, under conjugation,
indices are either dotted or undotted:
ψα
h.c.↔ ψ†α˙ . (11)
4.2 Generation of operators and redundancies between them
In DEFT’s internal machinery, all operators are expressed as linear combinations of ‘mono-
mial operators’. A monomial operator is a product of fields and covariant derivatives acting
thereon, with zero total U(1) charges, and all SU(N) indices of the fields and derivatives
6Code available at http://web.physics.ucsb.edu/~dwsuth/DEFT/ and described in [6].
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contracted into some product of the invariant tensors (10). A list of all monomial operators
is generated combinatorially subject to some criterion (e.g. that the operators have mass
dimension ≤ d). An example monomial operator from the one-generation Standard Model
(effective field theory) is the dipole operator
δα˙γ˙ δ
β˙
δ˙
ab
deδABH
bQ¯L
γ˙
eAdR
δ˙BW¯ a
α˙β˙d
. (12)
Having so generated a list of monomial operators, the program enumerates all linear com-
binations of them that do not contribute to S-matrix elements.7 They fall into four categories;
we illustrate each with an example for the one generation Standard Model:
• Fierz relations of the form ...... =
∑
δ··δ
·
· . . . δ
·
·, as well as its ‘raised’ and ‘lowered’ SU(2)
versions (the Schouten identities)
α˙β˙H¯ae¯R
αDαβ˙Dβα˙LL
βa − α˙β˙H¯ae¯RαDββ˙Dαα˙LLβa
+αβ
γδα˙β˙H¯ae¯R
βDδβ˙Dγα˙LL
αa = 0; (13)
• Integration by parts identities
−α˙β˙Dαβ˙L¯Lγ˙bLLαaW¯ bα˙γ˙a − α˙β˙L¯Lγ˙bDαβ˙LLαaW¯ bα˙γ˙a
+α˙β˙L¯L
γ˙
bLL
αaDαα˙W¯
b
β˙γ˙a
= 0; (14)
• A commutator of covariant derivatives can be replaced by field strengths
−1
2
ig′αβBβγDαα˙e¯R
γeR
α˙ +
1
2
ig′α˙β˙B¯
β˙γ˙
Dαα˙e¯R
αeR
γ˙
−αβα˙β˙Dγβ˙Dβγ˙Dαα˙e¯RγeRγ˙ + αβα˙β˙Dβγ˙Dγβ˙Dαα˙e¯RγeRγ˙ = 0; (15)
• Equation of motion relations (as well as Bianchi identities)
−1
2
αβ
γδα˙β˙abDδβ˙Dγα˙H
bQL
βaAu¯R
α
A
+y†eαβγδabe¯R
δLL
γbQL
βaAu¯R
α
A + yuαβα˙β˙Q¯L
β˙
aBQL
βaAu¯R
α
AuR
α˙B
+y†dαβγδabQL
δbAQL
βaBu¯R
α
Bd¯R
γ
A − 2λαβabH¯dHbHdQLβaAu¯RαA
= operators of different dimension, which we ignore . (16)
7In the case of the EOM relations, the program generates the linear combination of dimension d operators
which have no effect at dimension d order in the S-matrix.
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4.3 Reducing to and converting between non-redundant bases
Each relation is a vector of Wilson coefficients
∑
i ciOi = 0, where i indexes the monomial
operators Oi. Collect these ci as the rows of a matrix, which is then put in reduced row echelon
form (RREF). This immediately yields a non-redundant basis Bj comprising the monomial
operators that correspond to columns of the RREF matrix without a leading entry in any
row. The non-trivial components of the RREF matrix can be used to express all monomial
operators in terms of those that form the basis:
Oi = RijBj. (17)
If the user can input another basis B′i in terms of the monomial operators Oi,
B′i = SijOj , (18)
then the program can convert between the two non-redundant bases (and transitively between
any two bases expressed in terms of monomial operators)
B′i = SijRjkBk . (19)
4.4 Status and future development
The program correctly reproduces the number of operators in the one-generation Standard
Model, as well as theories containing subsets of the Standard Model fields, up to and including
dimension 8 (although on a laptop it will take about a day to generate a basis at dimension
8). It contains expressions for one-generation dimension 6 Warsaw and SILH bases in terms
of monomial operators, and converts correctly between them.
In the future, it may be useful to:
• add flavour indices;
• add expressions convert invariants, such as gamma and Gellmann matrices, into epsilons
and deltas and vice versa;
• add interfaces, such as to FeynRules;
• generate the EOM relations to higher orders, which are necessary for phenomenology
beyond dimension 6 in the SMEFT;
• tabulate higher irreps of SU(N) — currently DEFT has the rules for (anti)-fundamental,
adjoint and all-symmetric tensors hard coded in;
• refactor the code, particularly with an eye to speeding it up and increasing user friend-
liness.
10
5 Rξ gauges in the SMEFT
Speaker: Miko laj Misiak
University of Warsaw
Practical calculations within the SMEFT require introducing convenient gauge-fixing terms.
Effects of dimension-six operators in the Rξ gauges have been studied in Refs. [37, 38]. Here,
following Ref. [39], such an analysis is extended to a wide class of EFTs with operators
of arbitrary dimension. We consider a generic local EFT arising after decoupling of heavy
particles whose masses are of the order of some scale Λ, assuming linearly realized gauge
symmetry. The Lagrangian reads
L = L(4) +
∞∑
k=1
1
Λk
∑
i
C
(k+4)
i Q
(k+4)
i , (20)
where L(4) is the dimension-four part of L, while Q(k+4)i stand for higher-dimension operators.
We are interested in situations when the scalar fields (treated as real and denoted collectively
by Φ) acquire a non-vanishing VEV 〈Φ〉 = v such that |v|  Λ. If v is not a gauge singlet,
some of the gauge fields Aaµ become massive via the Higgs mechanism.
In the context of Rξ gauge fixing, one should consider all the operators that contain bilinear
terms in ϕ = Φ− v and in the gauge fields Aaµ. It can be shown (see Ref. [39] for details) that
equations of motion allow to bring L (20) into such a form that all such bilinear terms are
either in the scalar potential or in
LJ,K = −1
4
F aµν J
ab[Φ]F b µν +
1
2
(DµΦ)iKij[Φ] (D
µΦ)j . (21)
The symmetric matrices J and K form a series in 1/Λ with the leading (1/Λ0) contributions
coming from L(4). To study the bosonic kinetic terms, we set J and K to their expectation
values, i.e. Jab[Φ]→ Jab[v] ≡ Jab and Kij[Φ]→ Kij[v] ≡ Kij. Now LJ,K can be written as
LJ,K = −1
4
ATµν J A
µν +
1
2
(DµΦ)
T K (DµΦ) + . . . , (22)
where Aaµν ≡ ∂µAaν − ∂νAaµ, while ellipses stand for interactions of three or more fields.
We introduce the Rξ gauge fixing term as follows:
8
LGF = − 1
2ξ
GaJabGb with Ga = ∂µAaµ − iξ(J−1)ac
[
ϕTKT cv
]
. (23)
8 In our notation, the gauge couplings are absorbed into structure constants fabc, and into the generators
T a of the representation in which the real scalar fields Φ reside.
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The bilinear terms in the sum LJ,K + LGF read
Lkin,mass = −1
4
ATµνJA
µν +
1
2
Aaµ
[
vTT aKT bv
]
Ab µ +
1
2
(∂µϕ)
TK(∂µϕ)
− 1
2ξ
(∂µAµ)
TJ(∂νAν)− ξ
2
[
ϕTKT av
]
(J−1)ab
[
vTT bKϕ
]
. (24)
The last term is the would-be Goldstone boson mass matrix that comes solely from LGF . The
physical scalar mass terms (coming from the scalar potential) are not included in the above
equation.
To render the kinetic terms canonical, we redefine the fields as ϕ˜i = (K
1
2 )ijϕj and A˜
a
µ =
(J
1
2 )abAbµ, which leads to
Lkin,mass = −1
4
A˜TµνA˜
µν +
1
2
A˜Tµ (M
TM)A˜µ +
1
2
(∂µϕ˜)
T (∂µϕ˜)
− 1
2ξ
(∂µA˜µ)
T (∂νA˜ν)− ξ
2
ϕ˜T (MMT )ϕ˜ , (25)
where M bj ≡ [K
1
2 (iT a)v]j (J
− 1
2 )ab. If the number of real scalar fields equals m, and the number
of gauge bosons equals n, then M is a real m × n matrix. Its Singular Value Decomposition
(SVD) reads M = UTΣV , with certain orthogonal matrices Um×m and Vn×n, as well as a
diagonal one Σm×n. Consequently, MMT = UT (ΣΣT )U and MTM = V T (ΣTΣ)V . Therefore,
another redefinition of the fields, namely φi = Uijϕ˜j and W
a
µ = V
abA˜bµ, gives the diagonal
mass matrices m2φ = ΣΣ
T and m2W = Σ
TΣ. The Lagrangian including the gauge fixing term
has now the desired form in the mass-eigenstate basis:
Lkin,mass = −1
4
W TµνW
µν +
1
2
W Tµ m
2
WW
µ +
1
2
(∂µφ)
T (∂µφ)
− 1
2ξ
(∂µWµ)
T (∂νWν)− ξ
2
φTm2φφ . (26)
Since our gauge-fixing functionals Ga in Eq. (23) are linear in the fields, the ghost La-
grangian LFP can be derived from the Fadeev-Popov determinant. The kinetic terms and
interactions for ghosts Na and antighosts N¯a are then obtained from the variation of Ga un-
der infinitesimal gauge transformations δϕ = −iαaT a (ϕ+ v) and δAaµ = ∂µαa − fabcAbµαc.
Taking αa(x) = Na(x) with an infinitesimal anticommuting constant , one gets the BRST
variations δBRSTϕ = −iNaT a (ϕ+ v) and δBRSTAaµ = 
(
∂µN
a − fabcAbµN c
)
, which determines
MabF in δBRSTGa = MabF N b. The ghost Lagrangian reads
LFP = N¯aJabM bcF Nd = JabN¯a2N b + ξN¯a[vTT aKT bv]N b
+N¯a
←
∂ µJabf bcdAcµN
d + ξN¯a[vTT aKT bϕ]N b . (27)
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The BRST variations of ghosts take the standard form δBRSTN
a = 
2
fabcN bN c and δBRSTN¯
a =

ξ
Ga. Expressing LFP in terms of ghost mass eigenstates η = V J 12N and η¯ = V J 12 N¯ , one finds
LFP = η¯T2η + ξ η¯Tm2Wη + (interactions).
Let us now consider the electroweak sector of SMEFT. When the Higgs doublet is written
in terms of four real fields Φ = (φ1, φ2, φ3, φ4), the generators T
a in its covariant derivative
DµΦ =
(
∂µ + iT
aV aµ
)
Φ can be chosen as
T 1 =
ig
2
S
 02×2 σ1
−σ1 02×2
ST , T 2 = g
2
S
 σ2 02×2
02×2 σ
2
ST ,
T 3 =
ig
2
S
 02×2 σ3
−σ3 02×2
ST , T 4 = ig′
2
S
 02×2 12×2
−12×2 02×2
ST , (28)
where V aµ = (W
1
µ ,W
2
µ ,W
3
µ , Bµ) and
S =

0 0 1 0
1 0 0 0
0 0 0 −1
0 1 0 0
 . (29)
The matrices T a are proportional to those in Eq. (9) of Ref. [38]. After the Higgs field takes
its VEV 〈Φ〉 = (0, 0, 0, v), the surviving U(1)em constrains the gauge boson kinetic matrix J
to the block-diagonal form
J =
 JC 02×2
02×2 JN
 , with JN =
 1 + J1 J3
J3 1 + J2
 , (30)
and JC = (1 + J+)12×2. The same argument ensures identical block-diagonal structure of
the scalar kinetic matrix K and, in consequence, of the matrices M , U , V and Σ. In the
charged sector, one finds ΣC = MW 12×2 and UC = VC = 12×2, with the charged W -boson
mass squared equal to M2W =
1
4
g2v2(1 + K+)/(1 + J+). In the neutral sector, let us denote
J ′i = 1 + Ji +
√
detJN , for i = 1, 2. Then the matrices appearing in the SVD for the neutral
sector are ΣN = diag(MZ , 0),
UN =
 cosω sinω
− sinω cosω
 and VN =
 cos θ − sin θ
sin θ cos θ
 , (31)
where ω = arctan(K3/K
′
1) and θ = arctan[(g
′J ′1 + gJ3)/(gJ
′
2 + g
′J3)]. The Z boson mass
squared equals to
M2Z =
v2
4
(
g2 + g′2 + g′2J1 + 2gg′J3 + g2J2
) 1 +K1
det JN
. (32)
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The above expressions hold to all orders in v/Λ. The leading effects beyond L(4) arise at
O(v2/Λ2), in which case one finds
J+ = J1 = −2v
2
Λ2
CϕW , J2 = −2v
2
Λ2
CϕB , J3 =
v2
Λ2
CϕWB , (33)
K+ = K3 = 0 , K1 =
v2
2Λ2
CϕD , K2 =
v2
2Λ2
(CϕD − 4Cϕ2) , (34)
where CϕW , . . . , Cϕ2 denote the Wilson coefficients in the Warsaw basis [2]. The results
of Ref. [37] can be recovered after introducing the effective gauge couplings g¯ = g/
√
1 + J1,
g¯′ = g′/
√
1 + J2, and then expanding in v/Λ up to O(v2/Λ2).
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6 The SmeftFR code
Speaker: Athanasios Dedes
University of Ioannina
The SmeftFR code generates the full set of Feynman Rules (FRs) in linear Rξ-gauges for the
SMEFT in Warsaw basis. SmeftFR is written in Mathematica language and uses facilities
from the FeynRules program. This contribution outlines the main features of the code and is
solely based on Refs. [9, 37] and references therein.
Effective Field Theories (EFTs) are (mostly) useful when certain terms are forbidden in
a Lagrangian. As an example, the only known problem in the Standard Model (SM) of
electroweak interactions, that despite observation it predicts massless neutrinos, can easily
be addressed by the d = 5 Weinberg’s operator leading to Majorana neutrino masses after
Electroweak Symmetry Breaking (EWSB)
Cνν
Λ
(ϕ˜†`L)T C (ϕ˜†`L) . (35)
From then on, one can easily construct a renormalizable model by completing the SM portals
with heavy fields that upon decoupling at scale Λ result in operator (35).
For whatever other reason, e.g. dark matter, (g − 2)µ-anomaly, etc., it could be there is
New Physics (NP) that is related to the SM. EFT is then useful to parametrize our ignorance
for the size of these effects. The parametrization, however, is basis dependent. Moreover,
SM is very well measured in gauge sector O(1/200), less in the quark and lepton sectors
O(1%) and far less in the Higgs sector O(15%). Experimental bounds on the relevant Wilson
coefficients associated with the new operators have inevitably turned most of these coefficients
into their perturbative regime so that we can perform higher order corrections as normal.
SmeftFR code creates all primitive vertices associated with Wilson coefficients in Warsaw
basis while propagators for physical and unphysical fields remain exactly in the same form as
in the Standard Model.
Warsaw basis is written in terms of fields in gauge basis. Following Ref. [37], SmeftFR per-
forms field rotations and redefinitions to create Feynman Rules in mass basis according to the
following steps:
A. We perform a suitable rescaling of gauge fields and gauge couplings
L(W Iµν ,W Iµ , ...; g, g′, ...)→ L(W¯ Iµν , W¯ Iµ , ...; g¯, g¯′, ...) ,
such that gauge kinetic terms become canonical after EWSB. In the end Feynman rules
are written in terms of the “barred” parameters and fields.
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B. Introduce gauge fixing terms such that after EWSB we obtain the familiar SM form with
gauge fixing parameters ξA, ξZ , ξW , ξG.
C. Add Faddeev-Popov terms to compensate and restore generalized (BRST) gauge invari-
ance.
D. Diagonalize mass terms to obtain fields and parameters in mass basis.
In SMEFT with all d ≤ 6 operators and no expansion in flavour indices, there are about 120
vertices in unitary gauge and 380 vertices in Rξ-gauges. The structure and the deliverables of
SmeftFR code are synopsized below:
1. The SM Lagrangian plus extra operators in Warsaw basis are encoded using FeynRules
syntax. More specifically:
• FeynRules “model files” generated dynamically for user-chosen subset of operators
• general flavor structure of all Wilson coefficients is assumed
• numerical values of Wilson coefficients (including flavor- and CP-violating ones)
are imported from standard files in WCxf (“Wilson coefficient exchange format”) –
could be interfaced to other SMEFT public packages such as Flavio, FlavorKit,
Spheno, DSixTools, wilson, FormFlavor, SMEFTSim, ...
• gauge choice user-defined option (Unitary or Rξ-gauges)
• neutrino masses are incorporated in mass basis
2. Derivation of the SMEFT Lagrangian in mass-eigenstate basis, expanded consistently
up-to-order 1/Λ2
3. Evaluation of FRs in mass basis, available in several formats useful for further consider-
ation:
• Mathematica/FeynRules
• Latex/Axodraw – SmeftFR here uses a dedicated generator
• UFO format – it can be imported by “event generators”
• FeynArts – it can be imported by “symbolic calculators”
4. Various options available, such as
• neutrino fields treated as massless Weyl or massive Majorana (in the presence of
d = 5 Weinberg operator) spinors
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• correction of FeynRules 4-fermion sign issues
• corrected B-, L- violating 4-fermion vertices and 4-ν vertex
Here is an example after running SmeftFR (to see how please consult [9])
A0µ1
A0µ2 W
+
µ3
W+µ4
W−µ5 W
−
µ6
−12ig¯
3g¯′2
g¯2 + g¯′2
(−ηµ1µ4ηµ2µ6ηµ3µ5 + 2ηµ1µ2ηµ4µ6ηµ3µ5
− ηµ1µ4ηµ2µ5ηµ3µ6 − ηµ1µ3ηµ2µ6ηµ4µ5 + 2ηµ1µ2ηµ3µ6ηµ4µ5
+ ηµ1µ6 (2ηµ2µ5ηµ3µ4 − ηµ2µ4ηµ3µ5 − ηµ2µ3ηµ4µ5)
− ηµ1µ3ηµ2µ5ηµ4µ6 + ηµ1µ5 (2ηµ2µ6ηµ3µ4 − ηµ2µ4ηµ3µ6 − ηµ2µ3ηµ4µ6)
+ 2ηµ1µ4ηµ2µ3ηµ5µ6 + 2ηµ1µ3ηµ2µ4ηµ5µ6 − 4ηµ1µ2ηµ3µ4ηµ5µ6)CW
To the left SmeftFR draws a (spectacular!) six leg “4-W -fusion” vertex into two photons. To
the right SmeftFR calculates the vertex Feynman rule. CW is the Wilson coefficient associ-
ated with the three W -field strength operator in Warsaw basis, g¯, g¯′ are the “barred” gauge
couplings (the perturbative couplings used in SMEFT as we pointed above), and ηµν is the
Minkowski metric.
We have performed many checks of the generated FRs by SmeftFR . For instance, we have
checked ξ-independence in many tree level amplitudes including full flavour structure and lep-
ton number non-conservation, as well as at loop level for ξ-independence and Ward Identities
in processes like h → γγ and h → Zγ. We have also made various checks in WCxf input
and output, cross section limits in UFO/Madgraph5 aMC@NLO (with only one known problem in
C`equ(3) that could be fixed in the UFO file), and FeynArts/FeynCalc amplitudes for vector
boson scattering. The output is obtained for massless Weyl neutrinos due to problems of
FeynRules and interfaces with fermion number violating, higher dimensional operators (i.e.,
problems related to charge conjugated fields and ambiguous fermion flow).
The proliferation of primitive vertices in SMEFT demands computer assistance. SmeftFR
is a code for generating Feynman Rules in SMEFT in Warsaw basis. It is so far limited to
d ≤ 6 operators. SmeftFR calculates the FRs in Unitary or in linear Rξ-gauges. Its output is
provided in Latex, UFO and FeynArts formats. For a detailed documentation of SmeftFR the
reader is referred to Ref. [9] and for even more technical details and guidelines to the website:
http://www.fuw.edu.pl/smeft
The maintainer of the code is Janusz Rosiek.
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7 EFT below the electroweak scale
Speaker: Peter Stoffer
Physics Department, UC San Diego
The absence of signals of physics beyond the Standard Model (SM) in direct LHC searches
suggests that new particles are either very weakly coupled or much heavier than the electroweak
scale. In the second scenario, their effects at energies below the scale of new physics can be
described by an effective field theory (EFT). Depending on the assumption on the nature of
the Higgs particle, this is either the SMEFT [1, 2] or HEFT [40, 41]. For processes below the
electroweak scale, another EFT should be used, wherein the heavy SM particles, i.e. the top
quark, the Higgs scalar, and the heavy gauge bosons, are integrated out. This low-energy
effective field theory (LEFT) is a gauge theory invariant only under the unbroken SM groups
SU(3)c ⊗ U(1)em, i.e. QCD and QED augmented by a complete set of effective operators.
It corresponds to the Fermi theory of weak interaction [42], but by including all operators
invariant under the unbroken gauge groups, not only the effects of the SM weak interaction
but also of arbitrary heavy physics beyond the SM can be described. This theory has been
extensively studied in the context of B physics. The operator basis relevant for B-meson decay
and mixing has been constructed in [4]. The complete LEFT operator basis up to dimension
six in the power counting has been derived in [5], where also the tree-level matching to the
SMEFT above the weak scale was provided. Note that the LEFT is the correct low-energy
theory even if the EFT at the high scale is given by HEFT.
The LEFT is defined by
LLEFT = LQCD+QED + L(3)/L +
∑
d≥5
∑
i
L
(d)
i O(d)i , (36)
where the QCD and QED Lagrangian is given by
LQCD+QED = −1
4
GAµνG
Aµν − 1
4
FµνF
µν
+ θQCD
g2
32pi2
GAµνG˜
Aµν + θQED
e2
32pi2
FµνF˜
µν
+
∑
ψ=u,d,e,νL
ψi /Dψ −
[ ∑
ψ=u,d,e
ψRr[Mψ]rsψLs + h.c.
]
. (37)
The additional operators are the Majorana-neutrino mass terms L(3)/L at dimension three, as
well as operators at dimension five and above. At dimension five, there are photonic dipole
operators for all the fermions (including a lepton-number-violating neutrino dipole operator)
as well as gluonic dipole operators for the up- and down-type quarks. At dimension six,
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there are the CP -even and CP -odd three-gluon operators and a large number of four-fermion
operators. The entire list of operators up to dimension six can be found in [5], including
operators that violate baryon and lepton number.
The complete one-loop running and mixing within the LEFT was derived in [43]. Within
the SMEFT/LEFT framework, the one-loop renormalization-group equations (RGEs) at the
high scale [44–46], the tree-level matching [5], and the RGEs below the weak scale [43] allow
one to consistently take into account all leading-logarithm effects and to describe the effects
of heavy physics beyond the SM within one unified framework. The RGEs and matching
equations have been implemented in several software tools, many of which were presented
at this workshop. Consistent EFT analyses at leading-log accuracy that combine constraints
from experiments at very different energy scales can be expected to become standard in the
near future.
For certain high-precision observables at low energies it is desirable to extend the analysis
beyond leading logarithms, e.g. in the context of lepton-flavor-violating processes or CP -
violating dipole moments. Steps in this direction have been done e.g. in [47–49]. Partial
results for the matching at the weak scale at one loop were derived in the context of B physics
in [50,51]. The complete one-loop matching between the SMEFT and the LEFT has recently
been derived [52]. It can be used for fixed-order calculations at one-loop accuracy in cases
where the logs are not large, and it presents a first step towards a next-to-leading-log analysis
within a resummed framework, which, however, will also require the two-loop anomalous
dimensions.
At energies as low as the hadronic scale, additional complications appear due to the non-
perturbative nature of QCD. In these low-energy processes, one should not work with pertur-
bative quark and gluon degrees of freedom but rather perform either direct non-perturbative
calculations of hadronic matrix elements of effective operators or switch to another effective
theory in terms of hadronic degrees of freedom, i.e. chiral perturbation theory (χPT) [53–55].
In [56], the matching of semileptonic LEFT operators to χPT has been discussed, which can
be obtained within standard χPT augmented by tensor sources [57]. Interestingly, through the
non-perturbative matching semileptonic tensor operators can contribute to a purely leptonic
process like µ → eγ. Constraints on this lepton-flavor-violating process were then used to
derive the best bounds on some semileptonic tensor operators.
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8 DsixTools
Speaker: Avelino Vicente
Instituto de F´ısica Corpuscular (CSIC-Universitat de Vale`ncia)
DsixTools [13, 58] is a Mathematica package for the matching and renormalization group
evolution from the new physics scale to the scale of low energy observables. DsixTools
contains numerical and analytical routines for the handling of Effective Field Theories. Among
other features, DsixTools allows the user to perform the full 1-loop Renormalization Group
Evolution of the Wilson coefficients (WCs) of two EFTs, valid at energies above or below the
electroweak scale. In addition, DsixTools also includes routines devoted to the matching to
low-energy effective operators of relevance for phenomenological studies. It can import and
export JSON and YAML files in the WCxf exchange format [36], making it easy to link DsixTools
to other related tools.
DsixTools 2.0 [59] is a new version of DsixTools that incorporates new features and
updates. Among many improvements, one can clearly identify four major novelties:
• SMEFT-LEFT full integration
DsixTools 2.0 fully integrates two effective field theories: the Standard Model Effective
Field Theory (SMEFT) and the Low-energy Effective Field Theory (LEFT). While DsixTools
1.0 placed a special focus on the SMEFT, DsixTools 2.0 treats SMEFT and LEFT on an
equal footing, including all operators of both EFTs up to dimension six, their complete 1-loop
Renormalization Group Equations (RGEs) and the tree-level matching between them. This
way, the user can now easily perform a complete calculation that starts at the high-energy
scale ΛUV, runs with the SMEFT RGEs down to the electroweak scale, where the SMEFT
is matched onto the LEFT, and then runs with the LEFT RGEs down to a low-energy scale
ΛIR. This is schematically shown in Fig. 1.
DsixTools implements the SMEFT in the Warsaw basis [2]. The complete 1-loop RGEs
for the dimension-six operators in this basis have been computed in [44–46, 60], whereas the
1-loop RGEs for the dimension-five operators were given in [61]. For the LEFT, DsixTools
uses the San Diego basis introduced in [5]. The complete 1-loop RGEs for the operators up
to dimension six were recently computed in [43]. Finally, the tree-level matching between
these two operator bases was given in [5], a result that has been independently derived and
confirmed as part of the development of DsixTools 2.0.
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Figure 1: DsixTools 2.0 allows for a complete EFT computation between the high-energy
scale ΛUV and the low-energy scale ΛIR.
• User-friendly input handling
Even after fixing the operator basis for each EFT (Warsaw & San Diego), the user must
choose a set of operators and make sure that the input values lead to a consistent Lagrangian.
There are two types of inconsistencies:
1. Hermiticity: The Hermiticity of the Lagrangian imposes certain conditions on some
WCs, and these must be respected by the input provided by the user. For instance, an
input with
(
C
(1)
`q
)
2223
6=
(
C
(1)
`q
)∗
2232
would be inconsistent.
2. Antisimmetry: Some LEFT operators are antisymmetric under the exchange of two
flavor indices and this implies that some WCs must be vanish. For instance, an input
with (Lνγ)11 6= 0 would be inconsistent.
In order to avoid potential issues associated to inconsistent inputs, DsixTools 2.0 includes
user-friendly input routines that simplify the user’s task. The new version of DsixTools
accepts input values for the WCs of any set of operators (belonging to the Warsaw or San Diego
bases) and then checks for possible consistency problems. In the event of an inconsistency,
DsixTools applies a change in the input to fix it and displays a warning message to inform
the user. Furthermore, DsixTools transforms all Wilson coefficients to the symmetric basis,
defined as the basis in which the WCs follow the same symmetry conditions as the associated
operators. For instance, in this basis (C``)1122 = (C``)2211 since (Q``)1122 = (Q``)2211. This is
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the basis used internally by DsixTools. Nevertheless, the user needs not to worry about this,
since the input/output is always unambiguous.
• More visual and easy to use
DsixTools 2.0 aims at a simpler and more visual experience. Many changes and simpli-
fications of the package have been applied in order to guarantee this. In this new version,
the user will be able to obtain the same results with much shorter programs than before. For
instance, a complete program with a full EFT computation between the high-energy scale
ΛUV and the low-energy scale ΛIR can now be written with only 6 lines of code. This is pos-
sible thanks to new routines that include automatic multi-step calculations. Moreover, a new
Dictionary routine is available. This routine displays a large amount of useful information
on any WC or operator of the SMEFT or the LEFT specified by the user. Along the same
lines, a more intuitive naming for the SMEFT WCs is used in DsixTools 2.0 and more in-
formative error messages are displayed. Finally, DsixTools 2.0 also contains an improved
documentation. In addition to a printable manual, a comprehensive documentation system,
fully integrated in Mathematica, is also available for the user right after installing the package.
• Evolution matrix formalism
Last but not least, DsixTools 2.0 implements a new and much faster method to solve the
SMEFT and LEFT RGEs. This new approach is based on an evolution matrix formalism.
In order to understand the new method one can consider the case of the SMEFT, the
application to the LEFT being analogous. The SMEFT RGEs can be generically written as
(with t ≡ lnµ)
dCˆi(t)
dt
=
1
16pi2
γˆij(Cˆk, Ck) Cˆj(t) , (38)
dCi(t)
dt
=
1
16pi2
γij(Cˆk)Cj(t) , (39)
where γ is the anomalous dimensions matrix (ADM). Quantities associated to dimension-four
(d = 4) objects are denoted with a hat, while the non-hatted quantities correspond to the
dimension-five and -six (d > 4) ones. These form a system of coupled differential equations.
However, one must note that, at first order in the EFT expansion, the ADM for the d > 4
operators only depend on Cˆk. Therefore, since Ck ∼ 1/Λ2UV, the first equation above can be
written as
dCˆi(t)
dt
=
1
16pi2
γˆij(Cˆk) Cˆj(t) +O(1/Λ2UV) , (40)
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which corresponds to the Standard Model RGE evolution. These equations are known up
to 3-loops and can be solved numerically relatively fast, since they only involve the d = 4
sub-block, leading to
Cˆk(t) = C
SM
k (t) +O(1/Λ2UV) , (41)
where CSMk (t) are interpolating functions obtained by the numerical RGE solution. One can
now plug this into Eq. (39) to write
dCi(t)
dt
=
1
16pi2
γij(C
SM
k )Cj(t) +O(1/Λ2UV) ≡ γ¯ij(t)Cj(t) +O(1/Λ2UV) , (42)
so that the ADM is now a function of t only. Therefore, the resulting equation can be solved
in terms of an evolution matrix U ∼ exp (γ¯), such that
Ci(t) = Uij(t, t0)Cj(t0) . (43)
Finally, once the Ci(t) solutions have been found, they can be plugged into the equations
for the d = 4 parameters. Given the small number of d = 4 operators, these can be solved
numerically quite fast, obtaining in this way a full O(1/Λ2UV) solution of the system.
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9 Wilson/WCxf
Speaker: Speaker Jacky Kumar
University of Montreal
To study the low energy phenomenology in a model using SMEFT, the first step is to match
the model at the high scale Λ to the effective operators Oi of SMEFT, then to run down the
SMEFT operators to the electroweak scale, match them onto the WET operators Oi and then
further run them down to the mass of the bottom quark or some other low scale depending
on the process that we are interested in. Once we have the Wilson coefficients at a given scale
the next step is to calculate the observables of interest in terms of these Wilson coefficients.
These steps are visualized in Fig.2.
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Figure 2: The standard steps involved in a phenomenological analysis using SMEFT and
packages to perform these steps.
The aim of the python program wilson [14] is to automate the running, matching and
translating the bases of Wilson coefficients in SMEFT and WET. The wilson package is
built upon the Wilson coefficient exchange format(wcxf) [36]. It can be used together with
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packages like flavio [18] for predictions of observables, smelli [16] for global fits9 to carryout a
complete phenomenological analysis using SMEFT, or for clustering analyses using the Python
package ClusterKinG [62].
wcxf is a data exchange format for the numerical values of Wilson coefficients which helps
interfacing different packages used in particle physics. For example model-specific Wilson
coefficient calculators, renormalization group (RG) runners, and observable calculators etc.
The important features of wcxf are:
• Unambiguous: it uses a non-redundant set of operators and a fixed normalization for
each basis.
• Extensible: it allows the addition of new EFTs and bases by the user.
• Robust: it is based on yaml and JSON files.
The format is defined in terms of three kinds of files:
• The EFT file, which is immutable, fixing the theory such as SMEFT or WET.
• The basis file, which is also immutable, defining the basis by listing all non-vanishing
operators. Examples include the Warsaw or flavio basis.
• The Wilson coefficient file, which contains the actual data i.e the numerical values of
Wilson coefficients at a given scale for an EFT in some basis.
In the current version of the program, the SMEFT and WET, WET-4, WET-3, WET-2 are
implemented. Here the various WETs differ in the number of quark and lepton flavours.
Furthermore, for the SMEFT the Warsaw [2], Warsaw up and Warsaw mass [50] bases and
for WET the JMS, Bern, flavio, formflavor, FlavorKit and EOS bases are predefined.
The wilson package uses the Wilson coefficient exchange format. Given the numerical values
of the Wilson coefficients at a given scale it can perform:
• Running of the complete set of dimension six SMEFT operators
(based on DsixTools [13]).
• Matching (tree level) of SMEFT onto WET for all operators.
• Running of the complete set of dimension six WET operators.
• Translation of bases in SMEFT and WET.
9For more information about flavio and smelli see the talk by David Straub.
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The implementation of wilson based on the following work:
• The 1-loop SMEFT RGEs are based on anomalous dimension calculations of Refs [44–46].
• The tree level SMEFT onto WET matching is based on the calculations performed in
Refs [5, 50].
• The 1-loop (QCD, QED) WET running is based on Refs [4, 43].
To install wilson and wcxf, one has to execute the following commands in the terminal:
python3 -m pip install wilson - -user
python3 -m pip install wcxf - -user
For further information and updates about wilson and wcxf we refer to the project websites
https://wilson-eft.github.io/ and https://wcxf.github.io/ respectively.
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10 The SMEFTsim package
Speaker: Ilaria Brivio
Institut fu¨r Theoretische Physik, Universita¨t Heidelberg
10.1 Motivation and scope
The SMEFTsim package [19] is mainly designed for enabling global SMEFT analyses at the
LHC. It is available at feynrules.irmp.ucl.ac.be/wiki/SMEFT. The users are encouraged to
check periodically this repository for updates.
SMEFTsim is a FeynRules and UFO implementation of the full set of dimension-6, baryon
number conserving operators of the Warsaw basis [2]. It allows the parton-level Monte Carlo
simulation of arbitrary processes in the presence of SMEFT operators.
Its main scope is the estimation of leading SMEFT corrections to SM observables: it is
not equipped for NLO evaluations and the effective Lagrangian is truncated at order Λ−2,
corresponding to a numerical accuracy of a few % for Ci ∼ 1 and Λ & 1 TeV. Note that, for
this reason, complete and fully consistent results are only ensured for O(Λ−2) contributions.
10.2 Implementation
The SMEFTsim package contains the FeynRules input files and a set of pre-exported UFO
models. The latter have been optimized for MadGraph5 aMC@NLO but are compatible with
most Monte Carlo generators.
The SMEFT Lagrangian is implemented in the fermion basis where the d quark masses
are diagonal. The gauge fields are rescaled to bring their kinetic terms to canonical form
and the SM parameters are automatically redefined to account for SMEFT corrections to the
input measurements.The Lagrangian and analytic Feynman rules can be accessed with the
Mathematica notebook supplied. The model is not equipped for NLO simulations and gauge
choices other than the unitary gauge are not fully supported.
In order to reproduce all the main Higgs production and decay channels in the SM, the
loop-induced Higgs couplings (hGG, hγγ, hZγ) are implemented as effective vertices with
couplings given by the SM t- and W -loops evaluated for on-shell external bosons.
Interaction orders are defined in order to control the interactions to be included in the
Monte Carlo generation. In addition to the customary QCD and QED orders, all SMEFT ver-
tices have an interaction order NP=1, and the SM loop-induced Higgs couplings have order
SMHLOOP=1. In MadGraph5 aMC@NLO one can evaluate e.g. the pure SM-SMEFT interference
terms with the syntax NP^2 == 1.
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SMEFTsim supports the WCxf exchange format [36] via a python script that converts a WCxf
input file into a param card for the UFO models.
Implemented frameworks
SMEFTsim comes in 6 different implementations, that differ in flavor assumptions (3 options)
and input parameter scheme (2 options).
The flavor assumptions currently available are the following:
general the most general structure, where all flavor indices are free. This setup contains 2499
SMEFT parameters.
U35 a U(3) symmetry is assumed for each of the 5 fermion fields of the SM (q, l, u, d, e),
resulting in a U(3)5-symmetric Lagrangian. Yukawa couplings are taken to be spurions
of this symmetry, and only terms with up to 1 Yukawa insertion are retained. This
scenario is the most restrictive and contains 81 SMEFT parameters.
MFV a linear Minimal Flavor Violation ansatz: the CP and U(3)5 symmetries of the La-
grangian are assumed to be violated only due the breaking sources of the SM, i.e. the
CKM complex phase and the Yukawa couplings. CP violation in purely bosonic opera-
tors are suppressed proportional to the Jarlskog invariant J ∼ 3 · 10−5 and are therefore
neglected. Flavor symmetric spurion insertions up to O(y2b , y2t ) are retained, in contrast
with the U35 setup where only the leading, Yukawa-indepedent terms are included. This
models contains 129 independent parameters.
The input parameters sets implemented are {αem,mZ , GF} (which is labeled alphaScheme)
and {mW ,mZ , GF} (labeled MwScheme), where mW,Z are the masses of the electroweak bosons,
GF is the Fermi constant and αem the fine structure constant. These two sets provide alterna-
tive choices for fixing the numerical values of the 3 free parameters of the electroweak gauge
sector of the SM (that can be chosen to be e.g. {g, g′, v}). In addition to these, the Higgs mass
is used to fix the remaining free parameter in the scalar potential and the fermions’ masses
to fix the Yukawa couplings (an input scheme for the CKM matrix can also be defined [63],
although this is not currently implemented in SMEFTsim). As the input measurements are
generically affected by dimension 6 operators, the SM parameters inferred from them are cor-
respondingly shifted, so that a net discrepancy between an input and a predicted measurement
is formally moved to the latter (see e.g. Refs. [19, 64] for further details). Such parameter
shifts are automatically included in the SMEFTsim Lagrangian.
Restriction cards are provided within each UFO model, that can be used e.g. to set to
zero light fermion masses or to recover the SM limit. Further ad hoc restrictions can be easily
added by the user.
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10.3 Validation
SMEFTsim has been validated in several ways. Most notably:
• with an internal validation. Two independent complete versions (set A and set B) were
created, whose output was compared for a large number of processes. Both sets are
available online for cross-checks.
• against dim6top for the subset of operators containing a top quark. All the tables in
Ref. [65] were derived independently with the two UFO models.
• against both dim6top and SMEFT@NLO using the validation tools and procedure recom-
mended by the LHC Top and Electroweak Working Groups and by the LHC Higgs Cross
Section Working Group [66].
• against a number of expressions derived with independent analytic calculations, in par-
ticular for EW and Higgs observables at LEP and at the LHC (e.g. those in [67,68]).
29
11 The SMEFiT fitting code
Speaker: Emma Slade
Rudolf Peierls Centre for Theoretical Physics, University of Oxford
The effects of dimension-6 operators in the SMEFT can be written as:
σ = σSM +
Nd6∑
i
κi
ci
Λ2
+
Nd6∑
i,j
κ˜ij
cicj
Λ4
, (44)
where σSM indicates the SM prediction and ci are the Wilson coefficients we wish to constrain.
In this work we develop a novel strategy for global SMEFT analyses [15], which we denote by
SMEFiT. As a proof of concept of the SMEFiT methodology, we apply it here to the study
of top quark production at the LHC in the SMEFT framework at dimension-6. We adopt the
Minimal Flavour Violation (MFV) hypothesis [69] in the quark sector as the baseline scenario,
impose a U(2)q × U(2)u × U(2)d flavour symmetry in the first two generations and consider
CP-even operators, ending up with 34 degrees of freedom.
We adopt the Monte Carlo (MC) replica method as it does not make any assumption
about the probability distribution of the coefficients, and is not limited to Gaussian distribu-
tions. Given an experimental measurement of a cross-section, denoted by O(exp)i , with total
uncorrelated uncertainty σ
(stat)
i , Nsys correlated systematic uncertainties σ
(sys)
i,α , and Nnorm nor-
malisation uncertainties σ
(norm)
i,n , the artificial replicas are generated as
O(art)(k)i = S(k)i,NO(exp)i
(
1 + r
(k)
i σ
(stat)
i +
Nsys∑
α=1
r
(k)
i,ασ
(sys)
i,α
)
, k = 1, . . . , Nrep , (45)
where the index i runs from 1 to Ndat and where S
(k)
i,N is a normalisation term. In order to
ensure that no residual MC fluctuations remain, we will use Nrep = 1000 as our baseline. For
each MC replica, the corresponding best-fit values are determined from the minimisation of a
figure of merit
E({c(k)l }) ≡
1
Ndat
Ndat∑
i,j=1
(
O(th)i
(
{c(k)l }
)
−O(art)(k)i
)
(cov−1)ij
(
O(th)j
(
{c(k)l }
)
−O(art)(k)j
)
,
(46)
where O(th)i is the theoretical prediction for the i−th cross-section evaluated using the {c(k)l }
values for the Wilson coefficients. The final fit quality can be quantified with the χ2
χ2 ≡ 1
Ndat
Ndat∑
i,j=1
(
O(th)i ({〈cl〉})−O(exp)i
)
(cov−1)ij
(
O(th)j ({〈cl〉})−O(exp)j
)
, (47)
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Figure 3: The 95% CL bounds on the 34 degrees of freedom included in SMEFiT, both in the
marginalised and in the individual fit cases, with the bounds reported in the LHC Top WG EFT
note [65]. The definitions of the degrees of freedom is given in Ref. [15].
where now the theoretical predictions, computed using the expectation value for the degree of
freedom cl, are compared to the central experimental data. This is evaluated as the average
over the resulting MC best-fit sample {c(k)l }.
We use as input to all our theory calculations the NNPDF3.1 NNLO no-top PDF set [70],
to prevent us double-counting the data both in the PDFs and the SMEFT fits. To account
for the removal of the data in the PDF fit, we include PDF uncertainties in the covariance
matrix. We use NNLO QCD predictions for all available SM processes, and NLO otherwise.
We also use MC cross-validation to prevent over-fitting the coefficients, and implement closure
tests to ensure a rigourous test of the SMEFiT methodology.
In Fig. 3 we show the 95% CL bounds on the 34 degrees of freedom considered in [15]
both at the marginalised and individual-fit level. Within finite-size uncertainties, we find,
as expected, the individual bounds to be tighter than the global bounds, as correlations
between degrees of freedom are ignored in the former. Some of us have reported [71] on the
applicability of the Bayesian reweighting technique developed for fitting Parton Distribution
Functions [72, 73]10. This method has two advantages in comparison to a fit to new data: it
10Code may be found at the url https://github.com/juanrojochacon/SMEFiT
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Figure 4: The 95% CL bounds for the Nop = 34 Wilson coefficients considered in the SMEFiT
reweighting analysis of the top quark sector.
is essentially instantaneous, and it can be carried out without access to the SMEFT fitting
code. We show in Fig. 4 the prior results without any single-top data included with those
after t-channel measurements have been added either by reweighting or by performing a new
fit. We find that, under well-defined conditions, the results obtained with reweighting all the
single-top t-channel data are equivalent to those obtained with a new fit to the extended set
of data.
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12 Flavour Physics with EOS
Speaker: Danny van Dyk
Technische Universita¨t Mu¨nchen
Within the Standard Model (SM) of particle physics, changes of flavour quantum numbers fol-
low stringent rules. Tree-level processes can change flavour only in charged-current processes,
while neutral-current processes emerge first at the one-loop level and are thus suppressed.
The coupling strengths of both types of processes are governed exclusively by the Yukawa
couplings. Measurements of flavour-changing processes therefore provide means to determine
most of the Standard Model (SM) parameters, but also place stringent constraints on possible
effects beyond the Standard Model (SM) of particle physics [74]. While commonly used to
bound the model parameters of UV-complete theories that could replace the SM, constraints
from flavour observables can also be used to distinguish between different models for the origin
of flavour, and between different dynamics behind electroweak symmetry breaking [75]. With
the absence of any direct hints of effects Beyond the SM (BSM), indirect flavour constraints
have stirred increasing interest amongst model builders. It is therefore important to the flavour
physics community to provide convenient and easy bridges toward using our results to the any
and all interested parties. EOS is meant to be such a bridge.
The EOS software has been authored with three use cases in mind:
1. To produce accurate and precise theory predictions and uncertainty estimates of flavour
observables and related theoretical quantities. EOS aspires to facilitate the production
of these predictions and estimates with publication quality.
2. To infer a variety of parameters from experimental measurements and from theoretical
constraints. For this task, EOS defaults to using a Bayesian statistical framework. For
the convenience of the user, EOS ships with a database of measurements and further
constraints that can be used immediately.
3. To produce pseudo events that are useful to carry out sensitivity studies for phenomeno-
logical and experimental analyses. EOS aspired to produce such pseudo events for direct
use in experimental analyses.
To achieve the outcomes of these use cases as effectively as possible, EOS has been written as
a C++14 software with Python3 bindings. It includes sophisticated Monte Carlo tools based
on Markov chains and importance sampling [76] to tackle statistical analyses with O(100)
parameters. Binary packages of EOS are available for a variety of Linux distributions, and EOS
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Figure 5: Two of the plots created by the example notebooks. Left: Histogram of random
variates for |Vcb| obtained and plotted with the EOS Python interface, overlaid with a kernel
density estimate of the posterior probability density. Right: Uncertainty envelope at 68%
credibility of the posterior-prediction for the B¯ → De−ν¯ differential branching fraction as a
function of q2, the e−ν¯ mass squared. The curves and bands are overlaid with data points
by the Belle collaboration from measurements of the B¯ → De−ν¯ and B¯ → Dµ−ν¯ branching
fraction in q2 bins.
can be quickly installed on MacOS via the Homebrew package manager [77].
The Python3 interface is recommended to all novice users, and example notebooks using
the Jupyter software [78] are available [79]. These examples showcase how to use EOS to carry
out typical tasks to work on any of the use cases listed above. The examples use semileptonic
decays of the type B¯ → D`ν¯ to illustrate how to predict integrated and differential kinematical
distributions, infer the SM parameter |Vcb| and hadronic parameters, and generate pseudo
events within the SM and for BSM benchmark points. A detailed write-up with additional
explanations can be viewed on the EOS webpage page [80]. In figure 5, two example plots are
presented that illustrate the capabilities of EOS with the Python3 interface.
The EOS developers invest effort on providing precise and accurate predictions of flavour
observables in and beyond the SM. Flavour observables are implemented independent of any
concrete BSM model by using process-specific Weak Effective Theories (WETs). In this ap-
proach, a variety of hadronic matrix of local WET operator elements are needed. EOS allows
to switch between different approaches for the evaluation of these hadronic matrix elements at
run time. To connect low-energy flavour observables within their various WETs to one com-
mon high-energy BSM scenario within the Standard Model Effective Field Theory (SMEFT),
matching and running between both theories is needed. To this end, EOS interfaces with the
Wilson Python package [14] via the Wilson Coefficients exchange format [36].
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13 flavio and smelli
Speaker: David M. Straub
Excellence Cluster Universe/TUM
flavio [18, 81] and smelli [16, 82] are two closely related open source Python packages.
flavio has the following main features:
• It is a general observable calculator (with uncertainties) in terms of WET or SMEFT
Wilson coefficients,
• it contains a database of experimental meausurements,
• it allows the automated construction of likelihoods.
In addition, it contains convenient plotting routines, interfaces to fitters (MCMC), and a
frequentist likelihood profiler.
smelli, the SMEFT Likelihood package, is built on top of flavio and provides a global
likelihood in the space of SMEFT Wilson coefficients. The main motivation for smelli is:
• providing a consistent set of observables included in the likelihood,
• correct treatment of SM parameters in the presence of D = 6 effects,
• construction of a nuisance-free likelihood,
• more informative presentation of results (table of observables with pulls etc.).
While flavio aims to be easy to modify and very flexible, the focus in smelli is on the
ease of use and consistency rather than generality.
Thanks to the wilson package (Section 9), flavio, which originally started as a pure
flavour physics package, now also supports electroweak precision tests and will soon add Higgs
physics. In principle, every observable where new physics enters via Wilson coefficients of local
operators can be added. The long term goal is to include all processes sensitive to dimension-6
SMEFT operators. Correspondingly, the long-term goal for smelli is to become truly global
in constraining as many directions in SMEFT Wilson coefficient space as at all possible.
As of version 1.5, flavio includes the following classes of observables:
• B physics: B → (V, P,X)``, B → ``, B → (V,X)γ, Λb → Λ``, B → (V, P,X)`ν,
B → `ν, mixing
• K physics: K → piνν, K → ``, K → `ν, K → pi`ν, K , ′/
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Figure 6: Sketch of observables currently included in smelli’s global SMEFT likelihood.
• D physics: D → `ν, CPV in mixing
• µ physics: µ→ eγ, µ→ 3e, µ-e conversion, ν trident
• τ physics: τ → 3`, τ → `γ, τ → (P, V )`, τ → V ν, τ → `νν
• EWPT: All LEP-1 Z and W pole observables
• Dipole moments: (g − 2)e,µ,τ , dn
Near-future versions will add nuclear and neutron β decays as well as Higgs production and
decay.
smelli, as of version 1.3, includes every observable in flavio that fulfills two criteria:
it has been measured and it is relevant for constraining SMEFT Wilson coefficients. The
classes of observables are visualized in the sketch in figure 6. There are only two limitations at
present. One is that semi-leptonic charged-current meson decays are not included yet, as the
effect of new physics on CKM element extractions is not treated consistently yet. However,
a solution similar to [63] has been implement in smelli and will be public soon. The second
limitation is that the statistical approach used to be able to provide a nuisance-free likelihood
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Figure 7: smelli global likelihood (and sub-likelihoods) in the plane of two SMEFT Wilson
coefficients at the scale 2 TeV, plotted with flavio.plots. Taken from [83].
(for details see [16]) does not allow to include observables where theory uncertainties are
strongly dependent on new physics, as is the case e.g. for the neutron EDM or CP violation
in B → DK decays. Ideas to solve this second limitation are being explored.
A brief interactive tutorial demonstrating the usage and main features of flavio and
smelli can be found at the following URL:
https://github.com/DavidMStraub/flavio-smelli-mini-tutorials
An example of a possible application of the two codes is given by the well-known plot
in figure 7, showing the interplay of charged- and neutral-current B decays on semi-leptonic
SMEFT Wilson coefficients, very relevant for the present B “anomalies” [83].
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14 Matching the flavour symmetric SMEFT to flavour
observables
Speaker: Sophie Renner
SISSA International School for Advanced Studies
This talk was based on Ref. [51].
14.1 Introduction
The success of the CKM picture of quark flavour mixing points towards there being no large
sources of flavour breaking beyond the Standard Model (SM). If TeV-scale new physics exists,
models with a flavour symmetry are therefore highly motivated. In the following I describe
calculations of some of the most important flavour effects generated by flavour symmetric
operators within the Standard Model Effective Field Theory (SMEFT).
14.2 Matching the U(3)5 invariant SMEFT to WET coefficients up
to one-loop
We select operators in the Warsaw Basis [2] of dimension 6 operators by starting from a U(3)5
flavour symmetry defined as
U(3)q × U(3)u × U(3)d × U(3)l × U(3)e, (48)
which is the largest global symmetry of the gauge sector of the SM Lagrangian, and under
which the SM fermion fields transform in the fundamental of their corresponding U(3), and
as singlets under the others. We consider only the effects of operators which are overall
singlets under this U(3)5 symmetry, an assumption which essentially eliminates tree level
flavour changing neutral currents (FCNCs). The motivations for this are as follows
• Will allow incorporation of flavour data into global SMEFT fits, which often use the
same flavour assumption
• Approximates a “worst-case scenario” for the effects of TeV-scale new physics in flavour
measurements, and thus represents an estimate of the irreducible flavour effects that
might be expected
• Provides a starting point from which to explore other motivated flavour symmetries
(e.g. less restrictive MFV scenarios, U(2)5 in the first two generations, etc)
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Figure 8: Examples of diagrams for one-loop matching, where the orange blobs represent
insertions of SMEFT operators
We match onto operators in the Weak Effective theory (WET) which generate some of
the most sensitive flavour observables to new physics: semileptonic down-type FCNC decays
(e.g. B → K(∗)l+l−) and down-type meson mixing (e.g Bs-B¯s, K0-K¯). The flavour symmetry
assumption ensures that there are no tree-level FCNCs induced by the SMEFT operators we
consider,11 so matching at one-loop is necessary, with the flavour change arising from SM loops
involving W± bosons. Examples of the diagrams involved are shown in Figure 8.
14.3 Results and discussion
For results we refer to [51]. Here we point out a few general properties of the calculations.
The U(3)5 flavour symmetry we assume ensures that the results of the matching calculations
share many properties with the SM, in particular:
• GIM mechanism: all results depend on mt
• No right-handed currents : the matching only affects the coefficients of WET operators
containing left-handed light quarks
• Same CKM factors : the matching produces effects with the same CKM suppressions as
in the SM
Some of the operators we consider also enter into observables that are measured to fix the
input parameters of the theory (see e.g. [64,67,84,85]). We take these effects into account such
that the results are written in terms of measured parameters, and present our results in two
common schemes for the inputs fixing the electroweak sector of the theory: {mW ,mZ , GF} and
{α,mZ , GF}. Where possible, we compared results to those obtained previously in the litera-
ture [50, 86–90]. These calculations open up new possibilities for constraining the coefficients
of SMEFT operators with flavour data.
11arguably with the exception of the Q
(1,3)
qq operators; see [51] for a discussion of these
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15 MatchMaker
Speaker: Jose´ Santiago12
CAFPE and University of Granada
15.1 Introduction
One of the (many) advantages of effective field theories (EFT) is that the comparison between
experimental data and their implication in new physics models can be split in two indepen-
dent steps. The bottom-up approach allows to parametrize in a maximally agnostic way the
experimental data in terms of the Wilson coefficients of the corresponding EFT, without any
relation to specific new physics models. The result is a global likelihood that can be computed
thanks to the tools described elsewhere in this document. The top-down approach on the other
hand introduces the necessary model discrimination by computing the Wilson coefficients in
terms of the parameters of the new physics model.
The beauty of EFT is that it provides a power counting rationale to organize the model
dependence inherent to the top-down approach, as the number of classes of models that
contribute at a certain order in the perturbative expansion (loops and operator dimension) is
finite. In this spirit, the complete classification of arbitrary extensions of the Standard Model
(SM) that include new particles of spin smaller than 3/2 and contribute at tree level at the
SM effective field theory (SMEFT) of dimension 6 has been recently achieved [31], building on
previous partial efforts [91–94]. Furthermore, technology allows us to automate this top-down
approach 13, a necessary ingredient if we want to extend this complete classification beyond
the tree-level approximation. This motivated us to develop MatchMaker, an automated tool
to perform tree-level and one loop matching of arbitrary new physics models to the SMEFT.
15.2 MatchMaker: general philosophy
New physics models can be matched to an EFT either via functional methods, literally inte-
grating out the heavy degrees of freedom directly in the path integral (see [95–101] for recent
progress in this direction) or via a diagrammatic approach. This latter approach, in which
off-shell 1-light-particle-irreducible (1lPI) Green functions are compared in the full model and
the EFT, is the one used in MatchMaker.
MatchMaker relies on well established methods and tools for the process of tree-level and
one-loop matching. It consists of a Python engine, which ensures that it is cross-platform,
12In collaboration with C. Anastasiou, A. Carmona, A. Lazopoulos
13As an example MatchingTools [10] was extensively used in checking the results of [31].
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easy to install and flexible, and the following standard tools for the different steps of the
calculation:
• FeynRules [102] is used to define the new physics model and to automatically com-
pute the corresponding Feynman rules. Flavor indices are implicit dummy variables all
through the calculation and therefore the number of generations is arbitrary with no
computation penalty.
• QGRAF [103] is used to generate all the relevant amplitudes in the full and effective
theories. These amplitudes are automatically dressed by MatchMaker with the Feynman
rules computed in the previous step.
• The actual calculation of the corresponding amplitudes is performed with FORM [104].
This includes external momentum expansion, tensor reduction, partial fractioning, Dirac
algebra and integration by part identities. All the calculations are done in dimensional
regularization following the MS renormalization scheme.
• Finally, the comparison of the amplitudes in the full and effective theories is performed
using Mathematica and the final form of the Wilson coefficients is stored in a file.
A few comments regarding the procedure described above are in order. As we have men-
tioned, we perform an off-shell matching in which the external particles are not required to
be on-shell (only full momentum conservation is imposed). The rationale behind this choice
is that we can restrict the calculation to 1lPI Green functions, as opposed to full S-matrix
elements, and that the full off-shell kinematic structure provides a highly non-trivial kinematic
redundancy that we use to cross-check the results obtained by MatchMaker. The down-side of
this choice is that redundant operators, those that can be eliminated by field redefinitions and
do not contribute to physical observables, have to be included in the process of matching. In
order to keep the number of operators to consider under control we use the background field
version of the ’t Hooft-Feynman gauge [105] so that only gauge invariant operators have to be
considered. Following our philosophy of maximum flexibility we have not fixed a particular
basis of evanescent operators, leaving the user to choose such a basis. The results of the
matching are given first in the full off-shell Green basis, including all the relevant redundant
and evanescent operators. This also includes the matching effects on the effective operators
of dimension smaller than 6 (including the operators in the SM Lagrangian). On top of this
completely general result for the tree-level and one-loop matching, MatchMaker also provides
the result of the matching in the Warsaw basis [2], assuming 4-dimensional properties for the
gamma matrices to reduce the evanescent operators. The elimination of the redundant opera-
tors to the Warsaw basis is performed by means of the equations of motion of the dimension-4
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Lagrangian, after canonical normalization of the fields and the inclusion of the corrections to
this Lagrangian from the matching process.
MatchMaker uses the following tests to check the correctness of the produced results:
• Full off-shell kinematic and gauge dependence. Off-shell kinematics provides a powerful
and highly non-trivial test of the matching. Similarly, all components in gauge space are
independently checked.
• Ward identities. We carefully compare amplitudes with different number of external
legs, in which a momentum is replaced with the corresponding gauge bosons, to check
all the relevant Ward identities.
• Symmetry and hermiticity properties of the Wilson coefficients. Some Wilson coeffi-
cients have symmetry properties under the exchange of flavor indices, including in cases
complex conjugation. These properties are systematically checked in the result of the
matching.
15.3 Status and future prospects
At the time of this writing MatchMaker is not yet publicly available. We are finalizing the
last checks of the program and we expect to make it public in the near future. The current
version produces in an automated way the tree-level and one-loop matching of an arbitrary
new physics model (with the only restriction that it has to be implementable in FeynRules)
into the SMEFT, provided no fermion-number violating couplings are introduced in the model.
We expect the latter to be handled in future versions of the program. The grand goal is to
extend this tool to arbitrary effective Lagrangians.
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16 Lepton dipole moments at two loops in the SMEFT
Speaker: Giovanni Marco Pruna
INFN, Sezione di Roma Tre
In the last decade, the absence of signals for physics beyond the Standard Model (BSM)
at collider experiments, together with the increasing precision of both high- and low-energy
experiments, corroborated the idea that there can be a considerable scale separation between
the SM and New Physics, thus creating strong grounds for deeper studies of the Standard
Model Effective Field Theory (SMEFT).
In fact, even though the SMEFT was introduced several decades ago [1], a systematic
treatment of such theory above and below the electroweak symmetry-breaking (EWSB) scale
was completed only a few years ago [2, 5, 106].
A similar fate occurred to the study of quantum fluctuations in SMEFT. Although many
partial results had been presented in literature, a methodical analysis of the one-loop anoma-
lous dimensions was only recently performed [43–46,107,108].
Beyond the one-loop level, there are not many results, and these are not organised in
a structured catalogue [109–124]. However, the precision level that will be reached by fu-
ture experiment will require a consistent knowledge of the two-loop leading contributions in
SMEFT. Therefore, a collaborative effort is required to reach this goal in a reasonable time.
It is beyond the scope of this document to analyse the phenomenological implications of a
thorough knowledge of the two-loop anomalous dimensions in SMEFT. The focus instead is
on the characteristic case of lepton dipole moments.
In the near future, a worldwide experimental plan will test such observables with unprece-
dented sensitivity. In two-to-five years, lepton-flavour violation (LFV) will be investigated in
the muon sector with an increase of three orders of magnitude in sensitivity at the MEG II
(PSI) [125], Mu3e (PSI) [126], COMET (J-PARC) [127] and Mu2e (FNAL) [128, 129] exper-
iments. ACME II at Harvard University delivered a new result [130] on the electric dipole
moment (EDM) of electrons with a significantly improved sensitivity. This year, the Muon
g−2 experiment (FNAL) [131,132] will also deliver exciting results on the anomalous magnetic
moment of the muon (aµ), possibly addressing the nature of the long-standing discrepancy
between measured and predicted values.
In this context, it has already been shown that a proper evaluation of the quantum fluc-
tuations in SMEFT gives a deeper understanding of the phenomenological implications in
searches for new physics [47–49,56,133–142].
However, apart from the fact that evaluations of further loop levels would guarantee more
control over the phenomenological interpretation, there is a formal subtlety that calls for
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a systematic determination of the two-loop leading contribution to the evolution/mixing of
SMEFT operators.
In fact, it is well-known that matching an ultraviolet (UV) complete theory with its low-
energy effective representation can distribute the leading contributions in different perturbative
orders: the pioneering work on b→ sγ transitions performed in the 1990s revealed that this is
a standard feature of the fermion dipole operators when quantum fluctuations are evaluated
in an effective field theory [143,144].
This aspect implies that the matching procedure performed at the one-loop level does
not provide meaningful phenomenological information unless accompanied by a consistent
evaluation of the anomalous dimensions at the two-loop level. This issue is made more radical
by the fact that both the matching coefficient and the anomalous dimensions can depend on
the regularisation scheme used to perform the aforementioned computation.
Therefore, the only way to remove all the scheme ambiguities from the correct phenomeno-
logical interpretation is to compute the anomalous dimensions at the two-loop level and the
matching coefficients at the one-loop level in SMEFT, potentially in different regularisation
schemes to cross-check the final outcome.
Other ambiguities can arise with the treatment of the antisymmetric Levi-Civita tensor in
dimensional regularisation, and a careful implementation of the evanescent operator technol-
ogy [109,110,113] is required.
The current level of automation allows implementation of the SMEFT Lagrangian in
tools that can generate the relevant set of Feynman rules (e.g. FeynRules v2.3 [102]) to
be interpreted by packages for multi-loop computations (e.g. FeynArts v3.11 [145] and
FormCalc v9.8 [146, 147]). However, a completely automated chain is not yet available. For
example, following the package chain that was just presented, one should notice that FormCalc
struggles to deal with four-fermion operators. Therefore an intermediate Form file should be
retained to be further elaborated off line in Form v4.2 [104].
Although it is not perfect, this strategy allows the non-integrated amplitudes to be further
related to any effective operator by a projection algorithm. Dipole operators can be extracted
with an off-shell projection [148].
After this, extracting the UV poles will require a strategy to regularise potential infrared
(IR) divergences. In recent years, many techniques have been developed to this. However, all
of these techniques involve rearranging the propagators into a tadpole integral, followed by a
truncation that takes into account the superficial degree of divergence of the loop integral. One
convenient choice is to rearrange every propagator with an IR mass regulator exactly [114,116,
149]. Even though this approach is very efficient, it has the disadvantage that to be consistent
one must add the new regulator mass in the original Lagrangian (possibly interfering with
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pre-existing masses) and carry out the potential set of counterterms that arise because of
this insertion. Another choice is to add an artificial mass term to the massless gauge bosons
and then expand the integral in the external momenta [148] (which is equivalent to an IR
rearrangement into a multi-massive tadpole). Since two-loop tadpoles are very well-known
objects [150,151], this second method will also give a linear outcome. Hence the two methods
can be considered equivalent.
The approach described in this section successfully reproduces the two-loop anomalous
dimensions in b→ sγ transitions below the EWSB scale in conventional dimensional regular-
isation [152], and can be adapted to compute the two-loop anomalous dimensions of lepton
dipole moments with the operator basis presented in [5]. The result will appear in [153].
At current the state of the art, the procedure described here is surely one of the most
efficient. However, there is no guarantee that it cannot be surpassed by interesting alterna-
tives [154].
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17 NLO corrections to h→ bb¯ in the SMEFT
Speaker: Darren Scott
University of Amsterdam/Nikhef
Performing higher order perturbative corrections within the SMEFT can be important for at
least two reasons. Not only do such corrections reduce the residual scale dependence in the
resulting predictions as in the SM, but new Wilson coefficients can appear at NLO which
are not present in the tree level result. On occasion these Wilson coefficients can have large
numerical prefactors making them an important contribution when incorporated in a global
fit. Some of these large contributions would not necessarily be captured by a standard RGE
analysis thus making it necessary to compute the NLO corrections directly in order to properly
capture the impact of such coefficients. This talk introduces NLO corrections to the decay
h→ bb¯ in the dimension-6 SMEFT [155–157], with emphasis on a number of complications or
subtleties in the calculation of the dimension-6 decay rate which are not seen in the SM. We
focus in particular on the renormalization of the electric charge, large NLO corrections (and
the choice of renormalization scheme), and the use of decoupling relations. Further details can
be found in [157] as well as the complete answer for the decay rate in Mathematica notebooks
available with the arXiv submission.
In the on-shell scheme the electric charge is defined to be exactly equal to the tree level
coupling of the γff -vertex at zero momentum transfer to the photon. The electric charge is
universal, so the choice of f does not affect the result one gets for the form of the counterterm
δe. It can be shown that δe, using electroweak SM Ward identities, can be written (see
e.g. [158]14)
δe
e
=
1
2
∂ΣAAT (k
2)
∂k2
∣∣∣∣
k2=0
− (vf − af )
Qf
ΣAZT (0)
M2Z
, (49)
where ΣABT is the transverse component of the A → B 2-point function, vf and af are the
vector and axial couplings of fermion f to the Z-boson, and Qf is the electric charge of the
fermion in units of e. In the SM, vf−af = −2Qf sˆw/cˆw (where sˆw and cˆw are the sine and cosine
of the weak mixing angle) making it clear that eq. (49) becomes independent of the choice of
fermion used to compute δe. The na¨ıve extension of eq. (49) to dimension-6 (i.e. including
dimension-6 effects in ΣABT , vf , and af ) leads to seemingly contradictory results. Specifically,
for operators of the form CHf (H
†i
←→
D µH)(f¯γ
µPRf) where H is the Higgs doublet with vacuum
expectation value vˆT , one finds v
(6)
f = −a(6)f = CHf vˆ2T/4cˆwsˆw. Thus, this na¨ıve extension leads
14The difference in sign on the second term comes from a different sign convention used in [158] for the
covariant derivative.
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to the result that the electric charge renormalization depends on fermion charge Qf .
15 One
can of course avoid this issue by renormalizing the γff -vertex directly, without using the
SM Ward identities, but it would be interesting to derive an all-orders equation analogous to
eq. (49) which correctly takes into account dimension-6 terms.
Another issue is related to the origin of large NLO corrections in the results and their rela-
tion to the choice of renormalization scheme. We identify two such contributions; firstly those
from QCD/QED type diagrams (those containing at least one gluon/photon) and secondly
those from tadpole graphs containing a top quark or, to a lesser extent, a heavy boson. The
former are smaller if one uses the MS scheme for the b-quark mass16, while on the other hand
tadpole contributions can be made to vanish if one instead uses the on-shell scheme every-
where. A solution to this apparent dilemma is through the use of decoupling relations. That
is, we work in a scheme where the b-quark mass (and electric charge e) are defined in a low
energy QCD×QED theory with the top quark and heavy bosons decoupled (see e.g. [159]).
We write the relation between the full theory b-quark mass in the MS scheme mb(µ) and the
mass as defined in the low energy QCD×QED theory m(`)b (µ) as
mb(µ) = ζb(µ,mt,mH ,MW ,MZ)m
(`)
b (µ) , (50)
where the decoupling constant ζb captures the contributions from the top quark and heavy
bosons to the b-quark mass. The decoupling constants can be calculated perturbatively
through one-loop matching. The net effect is that the contributions from top quarks and
heavy bosons are calculated in the on-shell scheme where the tadpole graphs cancel, while
the QCD/QED contributions are calculated in the MS scheme where their contributions are
smaller.
In this short text we have covered some issues related to electric charge renormalization and
the use of decoupling relations when using a mix of on-shell and MS renormalization schemes
to avoid anomalously large NLO corrections. There are some other subtleties not touched on
here, such as Higgs-Z mixing, scale uncertainties, the flavour structure (see also [19,46]), and
gauge fixing (see also [37–39]) but which can also be found in the full paper [157] along with
additional details on the points raised here.
15One can show that a SM Ward identity used to derive eq. (49) is actually not satisfied by such operators,
and so presumably receives corrections at dimension-6.
16In fact even in this scheme there is still a large contribution to the CHG coefficient (operator: HHGG)
from a double logarithm in mb/mH . Using the MS scheme still reduces the size of the corrections and removes
the single logarithmic contribution as in the SM however.
47
18 (SM)EFT, thoughts about what everybody has seen
Speaker: Giampiero Passarino
Dipartimento di Fisica Teorica, Universita` di Torino
INFN, Sezione di Torino
There is increasing need to assess the impact and the interpretation of dim = 6 and dim = 8
operators within the context of the Standard Model Effective Field Theory (SMEFT [32]). The
observational and mathematical consistency of a construct based on dim = 6 and dim = 8
operators should be critically examined 17 in the light of known theoretical results [160],
including: local, non-local, hard and soft terms or why we should not forget loops [161] and
Landau singularities; mixing, or why SMEFT may not be as general as we think; linear vs.
quadratic EFT representations.
Non-local and all that
Consider the following scenario: the Standard Model (SM), valid for E Λ, the corresponding
EFT extension (say SMEFT) and X, an UV completion of the SM (or the next theory in a
tower of effective theories); we are interested in matching the low E limit of X to the (SM)EFT.
Non-local effects correspond to long distance propagation and hence to reliable predictions at
low energy, local terms by contrast summarize the unknown effects from high energy: having
both local and non-local terms allows us to implement the full (one-loop) EFT program [162].
Heavy-light terms describe a multi scale scenario: the light masses (mi), the Mandelstam
invariants characterizing the process (sij...k) and the heavy scale (Λ),
Λ2  sij...k = −(pi + pj + · · ·+ pk)2 > (m1 +m2 + · · ·+mn)2 or
Λ2  | t |  m2 .
EFT mimics the unknown UV by matching the hard-local part of the loops, i.e. the terms
having a bounded number of derivatives. Soft-non local components in loops cancel on both
sides of the matching condition but they are not a throwaway. The key advantage of including
the non-local behavior is the appearance of some important kinematic dependence [162]. Im-
portant predictions of the EFT are often related to non-analytic contributions which modify
tails of distributions.
Proliferation of scalars and mixing
The lack of discovery of beyond-the-SM (BSM) physics suggests that the SM is “isolated”,
including small mixing between light and heavy scalars [163]: if there are many scalars then
17There are no eternal facts, as there are no absolute truths.
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we have to assume that there is at least the same small mixing for every one of them.
SMEFT assumes a Higgs doublet, so any mixing among scalars (in general among heavy
and light degrees of freedom) in the high-energy theory brings us to the HEFT/SMEFT
dichotomy [32]. Although there is a wide class of BSM models that support the (linear)
SMEFT description, this realization does not always provide the appropriate framework.
Mixing and low-energy limits
The choice of the heavy scale Λ is crucial; in any BSM model the scale Λ should not be
confused with the mass of some heavy degrees of freedom – it is generally a ratio of masses
and powers of couplings. The low energy behavior of underlying theory should be computed
in the mass eigenbasis, not in the weak eigenbasis; mixing angles are function of Λ and a large
number of 1/Λ2 terms are due to the expansion of mixing angles, not to the integration of
heavy fields [164].
In case deviations are observed, one needs to compare at the observable level (O)
when interpreting the parameters of the underlying theory (X) 18. Comparison at the O level
implies: in X, with parameters ~p, compute an observable Oi = OiX(~p). Perform a fit of the
SMEFT coefficients (~a) to a set of observables (~O), that may but does not need to include
Oi. Take the best-fit coefficients (~ˆa) from the fit above and compute the SMEFT-predicted
observable, OˆiSMEFT = O
i
SMEFT(~ˆa). Perform a fit for the X parameters ~p from the comparison
to the SMEFT-predicted observable: OˆiSMEFT ∼ OiX(~p). Should no deviations appear to
arise from the SMEFT fit to data, X comes into play. The result of a global SMEFT fit
may yield ~ˆa ∼ 0. This can only be interpreted as “no deviations from SM under the SMEFT
assumptions”, viz. that of a one doublet scalar sector.
Linear vs. quadratic EFT representation
Given the EFT amplitude A = A(4)+ 1
Λ2
A(6)+ 1
Λ4
A(8) “linear” means including the interference
between A(4) and A(6), “quadratic” currently means including the square of A(6) and Not the
complete inclusion of all terms giving 1/Λ4 (even before considering A(8)). Without dim = 8
the 1/Λ4 terms are basis-dependent.
In developing the (SM)EFT there is a dual motivation for including dim = 8 operators: it
may prove that an analysis purely at the dim = 6 level is inadequate, or that dim = 8 effects
should be accounted for as a systematic uncertainty. Indeed, given the plethora of new physics
scenarios that may show up in future precision Higgs measurements only at the percent level,
18Work in progress with A. David.
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it is an urgent issue to understand and reduce theory uncertainties so that they do not become
a limiting factor in our searches for new physics.
A continuum EFT is not a model, but a sequence of low-energy effective actions Seff(Λ),
for all Λ <∞. EFT theories 19 are being widely used in an effort to interpret experimental
measurements of SM processes [165]. In this scenario, various consistency issues arise; one
should critically examine the issues and we argue for the necessity to learn more general
lessons about new physics within the EFT approach; inconsistent results usually attributed
to the EFTs are in fact the consequence of unnecessary further approximations.
19A theory is aimed at a generalized statement aimed at explaining a phenomenon. A model, on the other
hand, is a purposeful representation of reality.
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